Abslmct-A scanning acoustic microscope (SAM) has been used to measure the elastic properties of tissue with a resolution of around 8 pm. This is achieved by broad-band excitation of the acoustic lens, and the recording of an undemodulated returning signal. A method of analyzing this information to yield the sound velocity, acoustic impedance, section thickness and acoustic attenuation is described. Results from a sample of skin tissue are presented and compared with data from a computer simulation of the experiment.
T HAS been noted [ l ] that the scientific basis of acoustic scattering by human tissue has received little attention until recently.
The realization that important diagnostic capabilities may arise from a more basic knowledge of the acoustic properties of tissue has prompted the use of various techniques [2]-[4] for such measurements. In this paper i t is shown how a scanning acoustic microscope (SAM) may be employed to provide this data with greater resolution than has previously been available.
In a typical high-frequency-reflection SAM [5] the lens is excited by a relatively narrow-band toneburst, and images of sections of tissue can be produced in pseudotransmission by mounting the tissue on a glass slide, and focussing on the tissue/glass interface. The problem with these images is that with at least four sources of contrast (impedance, thickness, velocity and attenuation), more information than the peak height of the returning echo is needed. While ways of obtaining the phase of this signal have already been described [6], [7] a direct determination of the contrast mechanism requires a different approach.
In this paper, the effects of exciting the lens with a voltage spike from a step recovery diode are examined. This approach is common at frequencies up to 100 MHz
[S], and the resolution of such systems has been predicted [9] . A higher frequency range ( 100-500 MHz) can be combined with the impulse excitation technique in order to yield sufficient time resolution to separate the reflections from the two boundaries of a lO-l5-/~m histological section. Fig. l(a) shows the signal from the lens without tissue, and Fig. l 11. COMPUTER SIMULATION OF THE EXPERIMENT The quasi-CW (continuous wave) imaging theory of the acoustic microscope is well developed [lo]-[ 121. This was extended to the broad-band case in order to simulate the experiment and check the validity of the analysis.
The response of an acoustic lens at a single frequency has been calculated using Fourier optics [ 101: The first task is therefore to calculate R ( 8 ) . Fig. 2 shows the geometry of the situation. 
where the wavenumber notation is the same as that used in [ 13) . The terminating impedances are where pc is the glass density. The transformers and impedances are combined into a single terminating impedance Z T E R : zTER = nfz, + n;Z,.
( 8 )
An expression for the input impedance for the complete circuit can then be written down as
The least satisfactory aspect of this way of simulating the experiment is the fact that P ( 0') cannot be measured accurately at these frequencies. The function
was chosen, with B, , = SO" and O,, = 2 5 " . to approximate to the lens used in the experiments. In this expression, the first term is a Gaussian function of standard deviation e,/&. The integral ( I ) is only evaluated 1'01-0 < B < OH, since no sound is emitted from the lens at higher angles of incidence. The second (constant) term was added so that P ( 0 , ) = 0. P ( 0 ) has been measured at 10 MHz for a focused transducer ducer and a spherical focusing surface, that may have a very different P ( 8 j .
The broad-band aspect of the experiment was modelled by digitizing a trace obtained with the glass in position but without tissue. This was Fourier transformed into an estimate of the incident spectrum M ( f). The spectrum was a smoothly varying function with center frequency 250 MHz, and adequate signal-to-noise ratio (SNR) from 100 to 500 MHz. Tissue properties were then chosen and V ( f ) computed. The result was then obtained by an inverse transform
A simulated trace calculated in this way is shown in Fig.  4 . The first pulse visible is the reflection from the surface of the tissue. Its size is determined by the tissue acoustic impedance, and its position by the thickness of the tissue. The second pulse, in the center of the trace, is the tissue/ glass signal. This pulse is considerably larger than the first one, because of the large difference in impedance between the tissue and its glass substrate. The trace has been scaled to the reference signal obtained without tissue. Thus, the size of the second pulse gives an indication of the tissue attenuation. If the tissue velocity increases, this pulse will move to the left, since the time of flight in the tissue will decrease. The third signal is from the double round trip path in the tissue; it has not been used in the calculation of tissue properties.
EXPERIMENTAL MEASUREMENTS
A guinea pig was sacrificed and blocks dissected from the skin of the back of the animal were frozen in freon cooled by liquid nitrogen. Sections were cut transverse to the plane of the skin surface in a Lipshaw cryostat, and mounted unfixed on glass slides. These specimens were imaged conventionally in the SAM at 425 MHz, using a 60 ns toneburst and a receiver bandwidth of 10 MHz. These parameters ensure that the two echoes from the surfaces of the tissue are completely mixed, since the time- of-flight through the section is typically 20 ns. Time resolution data was recorded for one line of the toneburst image. Other sections were stained with toluidene blue and imaged in a transmission optical microscope. Details of the experimental arrangement can be found in [ 141. In summary, the lens is excited by an impulse in order to interrogate the tissue with the shortest possible acoustic signal, The undemodulated echoes are detected with a sampling oscilloscope; signal averaging and background subtraction are then used to enhance the measurement accuracy. However, the sampling process severely reduces the rate of data collection. Consequently, images of the elastic properties were not feasible. Instead, a line scan through the center of the SAM image is recorded. This also has the advantage that the raw data can be displayed as a B-scan image. (Fig. 5 (ajj is illustrative of the type of structures contained in this tissue, but is not of the same area as the acoustic data. The epidermis (the superficial dark layer) is visible, and beneath it the dermis makes up most of the image. Cells are continuously exfoliated from the skin surface, and are replaced by cells which arise from mitotic activity in the basal layer of the epidermis. As they move upwards they elaborate keratin, which has acoustic properties markedly different from other tissues. The dermis contains collagen fibers running more or less parallel to the skin surface. It has been suggested [l51 that the collagen-containing components of tissue are largely responsible for contrast in clinical B-scanning. Between these fibers are positioned elastic fibers, sebaceous glands, sweat glands, and hair follicles. The hairs and hair follicles are visible in Fig. 5(a) .
Fig. S(bj shows the appearance of the section in the SAM, operating in toneburst mode, with the focal plane 7 pm above the glass surface. The epidermis appears to be less attenuating than much of the dermis; a lighter shade of grey in the images denotes an increase in transmission of ultrasound. Hairs, which have a high concentration of keratin, appear very dark.
The lens was positioned at the center of the horizontal scan, and scanned along a line running from the top to the bottom of Fig. 5(b) while the time resolution data was collected. The result is shown in Fig. 5(c) , in which the horizontal axis represents time (50 ns total width) and the vertical axis is distance. Picture brightness is proportional to detected voltage, so the no-signal level is grey and a pulse train (such as in Fig. 3 ) appears as a number of black and white stripes. The right-hand (brighter) pulse is the tissue-glass signal, and the left-hand pulse is the tissue-water signal. The reflection from the top surface of the tissue is stronger here than for many other tissue types, due to the high concentration of structural protein.
IV. ANALYSIS OF DATA As a first step in analyzing the data of Fig. 5(c) , the pulses were shortened by the application of a Wiener filter [ 161. If the signal from the tissue is denoted by S ( r ) , and r ( t ) is a reference signal obtained with the lens at the same vertical position but without tissue, the Wiener filter output in the frequency domain is where S ( f ) and R ( f ) are the Fourier transforms of S ( t ) and r ( r ) , * denotes a complex conjugate, and N 2 is a constant which depends on the system noise level. The effect of this filter on the data is shown in Fig. 5(d) .
In order to calculate the tissue elastic properties, equations modelling the signal were devised. It was simpler to do this in the frequency domain:
where A is a real constant, 01 ( f ) is a real function representing the frequency dependence of the tissue attenuation and two way transmission loss, and t , , c2, and t3 are the arrival times of the tissue/water, tissue/glass and reference signals respectively.
Since it is assumed that the first (tissue/water) pulse has the same shape as the reference pulse, its position and amplitude were found using a correlation technique. The function
l r 2 ( t ) dt was computed, and its maximum value found, CMAX ( T M A X ) . A quadratic fit to the top three points was made. Then It can be shown [l71 that this formula is an unbiased and efficient estimator of these quantities. The impedance ZT and thickness x are then found from
The function
is computed, which from (16) and (17) is equal to
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Fig. 6 . Elastic properties of akin section. (a) Thickness (pm). (b) Velocity (ms-'). ( c ) Impedance (MRayl). (d) Averaged attenuation (Np m -' ) ,
A mean squared attenuation is calculated by averaging this function over the frequency range
This is then converted to a value in NP m-' after removing the two way transmission loss (computed from the acoustic impedance at that point). The velocity is computed by a method akin to homomorphic deconvolution [ 181. A straight line is fitted by the least-squares method to U ( f ) and subtracted to yield a waveform centered around the frequency axis. This is then Hamming windowed [l91 and transformed back to the time domain. The peak of this trace is rl -r2, which is related to the tissue velocity by v, = 2x/(r, -r 2 ) .
(26)
The consistency of this method of modelling the experiment was tested by generating data with the simulation described in Section 11, and feeding the waveforms into the analysis program. Tissue parameters were varied widely, and the percentage difference between the parameter specified and that calculated by the analysis was taken. The sensitivity of the method to the shape of P ( 6 ) was examined by varying the standard deviation parameter eo in (14) from 0.3" to 30". In all cases, the thickness estimate was accurate to 0.2 percent, and the velocity error was less than 1 percent. It appears that neither of these is strongly dependent on P ( e). The velocity error may largely be caused by estimating the center frequency of a necessarily truncated signal [ U ( f ) ] with a Fourier transform. Leakage of negative frequency data into the main peak changes the position of the maximum. The acoustic impedance error shows a more marked dependance on half angle, varying from 1 percent at ZT = 1.6 MRayl to 10 percent at 2, = 2.05 MRayl. This reflects the limited validity of the assumption that the first pulse is a scaled and time-shifted replica of the reference pulse. Dispersion, which makes uT and Z, dependent on frequency, has been assumed to be negligible in the present work. This is discussed further in [20] . For comparison, the experimental errors caused principally by temperature drift in the coupling fluid, and deviations from a perfectly flat lens scan, produce 5-percent errors in thickness, and hence velocity measurements.
The results of applying this analysis to the data of Fig.   5 are shown in Fig. 6 . These graphs represent the variations in elastic properties down the center of the image of Fig. 5(b) . A wider range of elastic properties than is typical in lower frequency studies can be seen. In the attenuation linetrace (Fig. 6(d) ), two peaks corresponding to the epidermis and a hair are visible. A high velocity is observed in the vicinity of the hair, which appears as a large dark object near the center of Fig. 5(b) . This is due to its high structural protein content. The attenuation and impedance remain fairly high throughout the section, which reflects the presence of collagen and keratin.
V. CONCLUSION
The use of very short, wideband pulses enables the various contributions to a SAM image of tissue to be measured. The thickness, sound velocity, impedance and attenuation data can be computed from the time domain response of the microscope when the lens is excited by an impulse. A similar technique has been utilized at 100 MHz [21] to provide depth resolution in images of the backscatter from living tumor spheroids.
The elastic properties of tissue vary more substantially on a microscopic scale than is the case macroscopically. This is an unsurprising conclusion, since a larger sound wavelength would tend to average out fine structure in the elastic parameters. There is also a correlation between areas of high velocity and high attenuation. This is consistent with the trends observed by Johnston et al. [22] , who drew together the available ultrasonic data on many different types of tissue. In general, as the tissueiwater content decreases, and the structural protein content increases, the speed of sound and attenuation both increase.
Further work in this area will concentrate on investigating other types of tissue 
